Phase Transition Studies of System of the Type A2 Te2 X6 by Nair, Sreejith M.
PHASE TRJINSmOif STDPIES OF SYSTEM OF 
THE T m Jl2Te2Z6 
mssmtkrim 
SUBMITTED IN PARTIAL FULFILMENT OF THE REQUIREMENTS 
FOR THE AWARD OF THE DEGREE OF 
0iusittx of $|)ilo£op{|p 
IN 
CHEMISTRY 
BY 
SRBB41TH. M. NAIR 
DEPARTMENT OF CHEMISTRY 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
1993 
IDS X3>oL{ :'ii 
2 5 JUN 1994 
DEPARTMENT OF CHEMISTRY 
ALIGARH MUSLIM UNIVERSITY 
A L I G A R H —202 0 0 2 
I'HONE : (^0571) 25515 
Dated.2...Z^SF--R.4fi.Ci.O 
CERTIFICATE 
m:::iiH?;;:n::::::l:Hr:n:?»: 
The work embodied in the dissertation entitled 
PHASE TRANSITION STUDIES OF SYSTEM OF THE TYPE 
AOTBOX^ is original work carried out by Mr. 
Z Z D 
SREEJITH.M.NAIR and is suitable for the consideration 
of the award of M.Phil, degree. This work was carried 
out under rny supervision. 
0-f^^^ iJClA'-^-^•—^ 
[ Dr. AFAQ AHMAD ] 
D E D X C A X E D 
TO MY 
G R A N D M O T H E R 
ACKNOWLEDGEMENTS 
It gives me great pleasure in recording my deep sense 
of gratitude towards Dr, Afaq Ahmad, Reader, Department of 
Chemistry, Aligarh Muslirn University, Aligarh, for his 
expert gu i dance, affectionate supervision, st i mu1 at i ng 
interest and constant encouragement which enabled me in 
completing this work. 
I wish to express my sincere thanks to Prof. M.A. Beg, 
for his invaluable discussions and timely encouragement. 
The Chairman, Department of Chemistry is thanked for 
providing necessary research faci 1ities. 
I am highly indebted to my dear parents and family 
members for their care and keen interest in my academics all 
a long. 
My heartfelt and sincere thanks are due to my 
col leagues, Dr. Seba Beg and Yahya A.I., and all my friends 
for their help and interesting discussions. A deep sense of 
gratitude to Dr. Suhai1 Sabir for his care, affection and 
help at all levels. 
A word of praise for Mr. Owais Ahmad M/s New Micro 
Services Centre, Gulmarg Complex, Aligarh for quick 
wordprocessing. 
(SREEJITH. M. NAIR) 
C O M T E M - r S 
PAGE NO. 
CHAPTER 1: GENERAL INTRODUCTION 
1 .1 Introduction 
1.2 Si'perionic Conducting Materials 
1.3 Mechanisms of Superionic Conductivity 
1.4^  Phase transitions in superionic solids 
1.5 Elactrical Conductivity of ionic solids 
References (84) 
1 
3 
8 
14 
20 
26 
CHAPTER 2: ELECTRICAL CONDUCTIVITY AND PHASE TRANSITION 
STUDIES ON PURE AND DOPED AggHgl4 AND CUgHoI^ 
SYSTEM 
2.1 Introduction 
2.2 Crystal Structure 
2.3 Experimental details 
2.4 Results and Discussions 
2.6 Conclusion 
References (36) 
33 
38 
40 
43 
54 
56 
GENERAL INTRODUCTION 
1.1 INTRODUCTION 
Research in solid state chemistry is essantlally 
concerned with investigation of structures and propsrtiss of 
solids, the primary motivation being understanding and 
predicting, if possible, the properties of solids in terms of 
their chemical compositions and crystal and electronic 
structures [1]. A crucial input in this enterprise is the 
synthesis of required material. From the early days, chemists 
have made significant contributions to the developnwht of 
solid state sciences by synthesizing novel solids that 
possess unusual structures and properties [2]. Synthesis of 
unknown members in a structurally related family in ordet- to 
extend and extrapolate structure - property relatictns and 
preparation of known compounds to investigate a spacific 
property are the challenging and rewarding areas of solid 
state chemistry. Preparative effort in solid state chemistry 
become irost rewarding when it is coupled with 
characterization and property evaluation [3]. This aspect of 
solid state synthesis is being increasingly recognized as 
illustrated by several articles [4-8] appeared in recent 
years. 
The study of superionic solids is a new field of 
material science and technology. Most of the solid state 
devices developed in the last three decades are based on the 
motion of electrons. Ionic solids have received very little 
attention in the past because of the nonavailability of 
solids with high ionic conductivity at room temperature. 
However, in 1967 the situation suddenly changed with the 
discovery cf fast sodium - ion conduction in B-alumina [9] 
and silver ion conduction in RbAg^Ig [10]. Solids with 
exceptionally high ionic conductivity, in the range or .01 -
10 ohm~^ cm~^ , are termed as superionic conductors or fast-
ion conductors or solid electrolytes. The class of the 
materials is extraordinarily diverse and includes simple 
inorganic compounds such as PbF2 and Agl and organic polymers 
such as polyethylene oxide (PEO) doped with metal salts [11]. 
They have attracted considerable attention particularly 
during the last 20 years, owing to both their considerable 
potential in several technologies eg: solid state batteries, 
fuel cells, memory devices, display panels, atomic pumps etc. 
and the fundamental scientific interest in the phenomenon, 
high ionic mobility in solids. Even after so many years of 
discovery of superionic conductors, the research In this 
field continues to arouse the interest of the acientiats th« 
world over A complete understanding of the phenomenon, their 
par ticular features and the niicfoaco^lc mechanism are not y«t 
fully understand. An overview of the field can be obtained 
from the several conference proceedings [12-17] and reviews 
[18,19] that have been published in recent years. 
1.2 SUPERIONIC CONDUCTING MATERIALS 
The diversity of materials showing high ionic 
conductivity makes the classification difficult. The most 
important classes of superionic conducting solids are as 
follows 
(a) Solids with phase transition 
Some of the ionic conductors attain a high electrical 
conductivity only above a certain temperature. Those 
compounds for which the highei—temperature phase shows fast-
ion behaviour are included in this class. The transition may 
be first order as in Agl or diffuse, Bredig transition, as in 
all fluorite structure materials [20]. The transition results 
in the generation of anion Frenkel disorder and it appears 
that both vacancies and interst 111 al a are mobile in the 
superionic phase. More recently, the occurrence of Bredig 
transition has been clearly demohatratwd in UO2 [21]. 
(b) Layer and Tunnel structured oumpounda 
For this compounds ion transport I0 confined to two or 
one dimensions, respectively. The Q-AloO^ in whicl'i the 
mobile cations are located in conduction planes betw»€«h th« 
spinel structured alumina block is a good example l22]. 
Despite the fact that Q-AI2O3 is probably the most widely 
studied fast-ion conductor, knowledge of the basic migration 
mechanism is still uncertain. The stoichiometric materievl has 
the composi t ion Na20^^Al203 and has a s t r u c t u r e , i n which 
s p i n e l s t r u c t u r e d a lumina l a y e r s ' s a n d w i c h ' c o n d u c t i o n 
planes i n which the mobi le Na"*" ions are l o c a t e d , b r i d g i n g 
oxygen ions are a lso present i n these p lanes . The s t r u c t u r e 
o f S-AI2O3 i s shown i n F i g . 1 . 1 . Wang e t a l . has proposed a 
w i d e l y accepted model o f m i g r a t i o n mechanism [ 2 3 ] . They 
suggested t h a t excess Na o c c u p i e s a s p l i t i n t e r s t i t i a l 
c o n f i g u r a t i o n i n w h i c h two Na"*" i o n s o c c u p y m i d - o x y g o n 
p o s i t i o n s . M i g r a t i o n i n v o l v e s a s a d d l e p o i n t i n w h i c h t h e 
m i g r a t i n g i o n o c c u p i e s a n o r m a l l y v a c a n t s i t e . The 
c a l c u l a t i o n s o f Wang e t a l . gave a c t i v a t i o n e n e r g i e s f o r 
m i g r a t i o n t n a t agreed w e l l w i t h e x p e r i m e n t s . The w i d e l y 
s tud ied NASICON compounds, which has the compos i t i on 
Na3Zr2 PSi2 0^2 prov ides an example of a th ree d imensional 
tunne l s t r u c t u r e [ 2 4 ] . 
( c ) Heav i l y doped and massive ly d i t to rderod s o l i d s 
F l u o r i t e s t r u c t u r e d compounda can be doped, o f t e h t o 
very h igh c o n c e n t r a t i o n s , w i t h both low and h igh valmhco 
ions t o c rea t h igh concen t ra t i ons o f mobi le d e f e c t s . Y t t r i u m 
doped Ce02 i s a good example f o r low valence ions do|Ding. 
Here the mobi le de fec ts are oxygen vacancies compensating the 
y^ **" c a t i o n s u b s t i t u t i o n a l s [ 2 5 ] . The r a r e - e a r t h doping o f 
CaFg prov ides an example o f the l a t t e r , the s u b s t i t u t i o n a l 
r a r e - e a r t h a tom now has e x c e s s p o s i t i v e c h a r g e and i s 
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compensated by anion interstitiala. Both anion vacancies and 
interstitials are mobile species in the fluorite structure 
[26]. But the low-valence doped materiale have received 
greater attention as ionic conductors because of the higher 
mobility with vacancy activation energies being typically 
0.5eV. The most important factor limiting the magnitude of 
the conductivity in this class of compounds is the nature of 
the dopent - defect interactions. For anion excess systems it 
has been extensively investigated and a fascinating rahge of 
cluster structure have been elucidated [27-29]. A subtly 
different example is provided by RbBiF^, where the presence 
of the two types of cation results in the ready creation of 
anion Frenkol defects [30]. 
(d) Proton conductors 
The materials with high proton mobilities are included 
in a separate class, owing to their distinctive transport 
mechanisms. Proton conductors can be usefully classified into 
hydrated materials and hydroxy containing oxides. Hydrogen 
uranyl phosphate (HU02P0^.4H20) is one of the best example 
of the hydrated proton conductors [31]. The structure 
comprises layers of uranyl and phosphate ions separated by 
layers of hydrogen bonded water molecules. The structures of 
deuteriated samples of this materials have been studied in 
d e t a i l s by F i t c h and co-workers [ 3 2 - 3 4 ] . They found t h a t t he 
H2O molecules are grouped i n t o square p lanar arrangements 
h e l d t o g e t h e r by h y d r o g e n b o n d i n g . Wate r m o l e c u l e s i n 
d i f f e r e n t l a y e r s are a l s o b r i d g e d by hyd rogen bondu w h i c h 
r e v e a l the presence o f H5O2'*'. The mechanisms p r o p o s e d by 
F i t c h e t a l . have been c h a l l e n g e d w i t h a l t e r n a t i v e mode ls 
being proposed based on HgO"*" m i g r a t i o n and sur face t r a n a p o r t 
[ 35 , 3 6 ] . 
One o f the examples o f t he second c l a s s o f p r o t o n 
conductors lo prov ided by Yb doped SrCeOg [ 3 7 ] , which has a 
d i s t o r t e d p e r o v o s k l t e s t r u c t u r e Yb i M s B o l v e s i n t « j t h e 
l a t t i c e as ca t i on s u b s t i t u t i o n a l w i t h compensation by oxygon 
vacanc ies . Many pe rovosk l te s t r u c t u r e d ox ides can ac t as a 
p r o t o n c o n d u c t o r s as a p p r e c i a b l e o x y g e n v a o s n c y 
concen t ra t i ons can be in t roduced by dop ing . 
(e ) Amorphous and polymei—ion conductors 
Cur rent s tud ies are i n c r e a s i n g l y f ocuss ing on non-
c r y s t a l l i n e i o n i c conductors which o f f e r d i s t i n c t advantages 
w i t h r e g a r d t o m a t e r i a l s f a b r i c a t i o n . Amorphous i o n i c 
c o n d u c t o r s are no t new m a t e r i a l s . I o n i c c o n d u c t i v i t y i n 
s i l i c a t e glasses has been e x t e n s i v e l y s t ud i ed f o r seve ra l 
decades [ 3 8 ] . Recent work on c o n d u c t i n g g l a s s e s has been 
concent ra ted on borate m a t e r i a l s l i k e ( Li20)j^B203 which has 
h igh c a t i o n c o n d u c t i v i t y . I n a review by T u l l e r [39 ] i t has 
been given a wide range of data on the variation of the 
conductivity with cation concentration and temperature. 
Ionic conducting polymers are prepared by dissolving 
salts of monovalent ions into polyethers. Reasonable 
conductivity can be achieved and the materials have the major 
advantage in battery applications that they can readily be 
prepared as thin films [40]. The cations are solvated by the 
oxygen of the polyether and there is association between the 
solvated cations and the dissolved anions. The anions as well 
as cations are mobile in these materials, and the high 
mobility requires an amorphous polymer structure. The 
evidence of these mechanism has been obtained by EXAF3 
studies [41]. 
These classifications are not exhaustive. It includes, 
however, most of the materials that are currently the SMbject 
of active investigation. 
1.3 MECHANISMS OF SUPERIONIC CONDUCTIVITY 
There has been a substantiul effort to understand the 
physics and chemistry of ionic compounda which have 
anomalously high ionic conductivity in th« solid state [42, 
43]. They are interesting from a fundamental point of '^jiiw as 
a form of disordered solid whose propertins, in ciMtain 
respect, piece them intermediate between normal soliijii and 
l i q u i d . T h e o r e t i c a l t e c h n i q u e s , such as c o m p u t a t i o n a l -
l a t t i c e and defec t s i m u l a t i o n s , molecular-dynamics and Monto-
C a r l o Methods [ 4 4 ] , t o g e t h e r vri t h t h e ma jo r e x p e r i m e n t a l 
i n v e s t i g a t i o n s : i o n i c c o n d u c t i v i t y , u p e c i f i c h e « t , nmr, 
n e u t r o n s c a t t e r i n g and 1 i g h t - s e a t t « r i n g [ 4 5 ] , have 
c o l l e c t i v e l y l e d t o o u r p r e s e n t u n d e r s t a n d i n g o f t h e 
mechanisms of ion t r a n s p o r t i n these m a t e r i a l s . Some of thw 
d i f f e r e n t models suggested f o r the Bupdjr ionic condi.JCfciv i t> 
w i l l be discussed very b r i e f l y . 
(a ) Convent ional t r a n s p o r t mechaniem 
The t r a n s p o r t i s e f f e c t e d by a c o n v e n t i o n a l h o p p i n g 
p r o c e s s u s u a l l y o f d e f e c t s i n a f r a m e w o r k s t r u c t u r e d 
m a t e r i a l s . There i s no fundamental d i f f e r e n c e between the 
na ture of theae m i g r a t i o n mechanlwrns i n f a e t - i o n and normal 
i o n i c c o n d u c t o r s , b u t t h e d e f e c t may be p r e s e n t i n 
e x c e p t i o n a l l y h igh c o n c e n t r a t i o n s and may have v e r y low 
a c t i v a t i o n e n e r g i e s . A good example i s p r o v i d e d by CeOo 
doped w i t h y [ 2 5 ] . The c o n d u c t i v i t y i a based on the r a p i d 
t r a n s p o r t of vacanc ies, which a r e , however, m i g r a t i n g by a 
convent iona l hopping mechaniem. The de fec t chemis t ry o f these 
m a t e r i a l s i s based on the replacement by t r i v a l e n t ions of 
the host ca t i ons w i t h compensation by oxygen vacanc ies ; t he 
lat ter have a c t i v a t i o n energ ies of about 0.5eV and they may be 
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present in high concentrations in the fluorite host owing to 
the high solubility of low valence substitutionals. The 
material shows Intriguing variations of the conducti vi t-y with 
the dopant concentration. Qerhardt - Anderson and Nowick at 
al. show that for dopant concentrations of less than 1 molX 
oxygen, transport can be analysed in terms of the equilibrium 
between clusters and free valencies [46]. 
Thus to summarisie, oxygen transport in these materials 
takes place by conventional vacancy hopping process. At low 
concentrations, dopant-defect interactions may be described 
by the formation of simple pair clusters, while at higher 
concentrations it is better to think of the problem using 
percolation models. 
(b) Correlated migration mechanism 
In this category the rapid ion transport is effected 
by several ions moving together in a concerted manner. 
Simulation methods are having great value in revealing the 
details of such mechanisms. Li-jN and Rb BiF^ are good 
examples to explain this mechanism. 
Li-^ N io possibly the best known Li*^  ion conductor with 
an appreciable conductivity of 10 ^ ohm^ ^  t;m"' at 50°C t47]. 
The crystal structure comprieejt LigN layem containiny 
hexagonal arrays of Li ions which are linked by bridging Li"^  
11 
ions which lie between N"'" ions in adjacent layers. The 
structure of Li3N is shown in Fig 1.2. The molecular dynamics 
simulation techniques [48, 49] applied to LigN produoa the 
following important mechanistic informations; (i) Li ions 
can be readily excited thermally from the Li2N layers into 
the gaps between the layers. (ii) The vacancies that are 
thereby created can migrate rapidly through the crystal by 
highly correlated mechanisms. This high degree of correlation 
in the Li"*" ion motion is a key factor in promoting a high 
conductivity. 
The high conductivity of RbBiF^, the cation disorclered 
fluorite structured material, was first shown by Reau and 
co-workers [50,61]. The material has the fluorite strqcture 
with disordered distribution of Rb and Bl over the cation 
sites. The EXAFs studies shown that disorder is generated 
preferentially around the Rb ions. The int»r»t1t1al« iil the 
fluorite structure migrate by th« interatitialcy ni«t)hein1»»m 
in which the migrating F~ion displaces neighbouring 1«tt1co 
ions into interstitial sites. The ions are again moving In a 
correlated manner, the motion of each ion being of the 
interstitialcy type. As with LigN, ease of creation of the 
defects is vital for the high conductivity; but correlated 
migration mechanisms ar<« again clearly of central importance. 
12 
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(c ) Li qu id - l i ke d i f fus ion mechanism 
Here the mob i le e u b l a t t i c e i s h i g h l y d i s o r d e r e d and 
which t r a n s p o r t cannot be i n t e r p r e t e d i n t e rms o f h o p p i n g 
between d i s t i n c t l a t t i c e s i t e s . There are very few m a t e r i a l s 
f o r which t h i s is an accura te model for the i o n - t r a r i s p o r t 
mechanism. There is ,however , goo'd s t r u c t u r a l evidencti* f o r 
v e r y h i g h d e g r e e of c a t i o n d i s o r d e r i n c e r t a i n s i l v e r 
chalcogenides l i k e Ag23 [62 ] a t h igh tsimper al u res . I t sewrnei 
t h e r e f o r e t h a t in these m a t e r i a l s the c a t i o n s u b l a t t i c e its 
s t r u c t u r a l l y l i q u i d l i k e , i t i s p i aus italic t h e r e f o r e t o 
s u g g e s t t h a t t h e t r a n s p o r t mBchan lsms have a * H » n i l a r 
cha rac te r . 
(d) Intermediate mechanisms 
Here i t inc ludes m a t e r i a l s where the l a t t i c e - h o p p i n g 
models are b reak ing down and t h o s e f o r w h i c h t h e r e i s a 
t r a n s i t i o n f rom hopping t o l i q u i d - l i k e t r a n s p o r t . A good 
example of the f i r s t case i s p rov ided by Agl which undergoes 
a phase t r a n s i t i o n a t 147^C f r o m w u r / i t e s t r u c t u r e t o a 
s t r u c t u r e btsed on a bcc I~ s u l t l a t t i c e w i t h a d iso i -dered 
d i s t r i b u t i o n of Ag"*" over the t e t r a h e d r a l s i t e s , t he h igh 
temperature phase shows h igh Ag"*" ion m o b i l i t y [ 6 3 ] . Neutron 
d i f f r a c t i o n and q u a s i - e l a s t i c neut ron s c a t t e r i n g s t u d i e s o f 
Wuensch and c o - w o r k e r s have c l e a r l y d e m o n s t r a t e d t h e 
14 
localization of the silver ions in the tetrahedral eiteft of 
the superionic conducting phase [54-56]. 
Second example is the interesting material LigMgCl^ 
which has an inverse spinel structure In which Li"*" Ions are 
distributed between octahedral and tetrahedral sites |;&7-B9]. 
NMR and conductivity studies siHigeat a change in the ion 
transport mechanism irt temperature range 600-700 K, which i« 
manifested by a 'kneei' in the conductivity versus 1/T plot. 
At low temparatures the lithium transport mainly invo1>/ea the 
octahedral lithium ions which migrate lay a hopping mecfianism 
between tho octahedral sites, via a tciitraiiedral fllbi). At 
higher temperatures the mobility of the lithium ions en the 
tetrahedral sites becomes appreciable and a large fraction of 
the ions are found to via non-hopping mechanisms [60)« 
1.4 PHASE TRANSITIONS IN SUPERIONIC SOLIDS 
The high ionic conductivity achieved by most of the 
superionic conductors is via well defined phase transitions 
at a particular temperature. With increasing temperature the 
electrical conductivity sometimes changes gradually as In 
B-alumina [9] or shows an abrupt jump as in 0-AgI, RbAg4lg 
etc. [10]. 
Pardee and Mahan [61] categorised the phase transition 
into two. First kind is called Insulator - electrolyte phe^ se 
15 
transition in which there is an abrupt jump in the 
conductivity versus 1/T curve. The transition is sometimes 
associated with a distinct structgra! change and the latent 
heat change is typical of a first order transition. The 
second kind is called order-disorder phase transition 11\ 
which there Is no abrupt changs in conductivity, the 
conductivity versus 1/T plot is continuous with a small 
change in slope at the transition temperature. The specific 
heat will change gradually with temperature and generally no 
change in lattice symmetry. The electrical conductivity of a 
few superionic solids undergoing the above types of phase 
transition are collactetJ in Fig. 1.3. The abrupt increase In 
conductivity is observed for a few cases characteristic of 
insulator-eleotrolyte phase transitions. The transitions at 
15i°C for RbAg4l5, 147°C for Agl, 89a°C for LuFg are of 
first kind. The phase transitions at T « fl4°C for RbAg^Ig, 
60*^ 0 for silver pyridinium iodide, 180° for (CeF3)o gg 
(CaF2)o,05' 1150°C for CaFg represent typical order-
disorder transition. 
(n) Phenoiiteno log leal theories on phtnae trulisition 
For the transitions of first kind the phase theory of 
Qibbs provides a sstistactory thermodynam1i;i net work that 
can be supplemented by rRora specif 1c infof-mation derived 
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p r i m a r i l y from exper imants . The X-ray and neut ron d i f f r a c t i o n 
methods supply d e t a i l e d i n f o r m a t i o n about the geometry of the 
l a t t i c e . Measurements o f r a t e s o f t r a n s i t i o n s g i v e some 
i n f o rma t i on about the f r e e energy b a r r i e r s sepa ra t i ng the 
d i f f e r e n t polymorphic m o d i f i c a t i o n . 
The essen t i a l thermodynamic f e a t u r e s of the second k i n d 
have proved more e l u s i v e . I n f a c t t r a n s i t i o n s o f the second 
k ind mark the onset of fe r romagnet ism, f e r r o e l e c t r i c i t y and 
s u p e r c o n d u c t i v i t y and e s t a b l i s h m e n t o f v a r i o u s t y p e s o f 
molecu lar order in a l l o y s and i n the molecu lar c r y s t a l s [ 6 2 ] . 
The h i g h c o n d u c t i v i t y i f ! g e n e r a l l y s u s t a i n e d by 
m a t e r i a l s showing a h igh degree of diacsrdur, p e r m i t t i n g many 
i o n j umps t o t a k e p l a c e s i mu 1 t a n e o i i e I y . The t h e r m a l l y 
generated d^»fects are made t o i n t e r a c t i n 8U(ih a manner t h a t 
the charge c a r r i e r d e n s i t y i n c i e a s e s e i t h e r a b r u p t l y or 
d i s c o n t i n u o u s l y r e s u l t i n g i n an e ibt i ip i i n c r e a « « i i n 
c o n d u c t i v i t y . Hubermann [ 6 3 ] showed t h a t a F r o n k e l p a i r 
a t t r a c t i v e i n t e r a c t i o n i a r e s p o n o i b l o f o r t h e s u p e r i o n i o 
phase t r a n s i t i o n . The c r y s t a l s always c o n t a i n a f i n i t e number 
o f S c h o t t k y and F r e n k e l d e f e c t s , w h i c h i n c r e a s e s w i t h 
temperature . He considered the case o f f o rma t i on of Frisnkel 
p a i r s by ions l e a v i n g t h e i r n o i m a l a i t e s and g o i n g t o 
a v a i l a b l e i n t e r s t i t i a l s i t e s . The c o n d u c t i v i t y depends oh the 
number of Frenkel p a i r s , which i s an exponen t ia l f u n c t i o n o f 
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the activation energy for tfieir formation. TMH total 
activation energy is rendered defect -• concentration 
dependent by assuming that there is an attractive intwrwction 
between the interstitial ion and the vacancy, proportiorml to 
the square of defect concentration. 
Almoat simultaneously Rice «t al . [64-] gave a model for 
the transition to the super ionic state which thoy showed was 
due to the interati t lal defects interacting with th« «k train 
field they induced. According to t.hem the creation of 
interstitiala will lend to a finite change in the volume of 
the crystal putting the solid in a state of hydrostatic 
strain. The free energy is assumed to be a function of 
defect co.Tcontr Hti on an<J strain. They proposed M ratio 
A/u^ where Uj is the energy required to promote a cation to 
an interstitial site and A is an interaction parameter given 
by X = r'^ /W^  which inturn is related to the bulk modulus 
and the number of cations per unit voliime. For a small value 
of A /U^ (=0.1) the number of defects increases emoothly 
with temperature and hence the crvereus 1/T plot would be the 
same as for the normal ionic solids. For A/U^ approximately 
equal to but less than 0.97 the rate of increase of defect 
concentration changes at a certain temperature and the slope 
of the curve changes without an abrupt change in 
conductivity. But for A/Ui > 0.98, the defect concentration 
V) 
rises abruptly and hence it correaponda to the case of first 
order tranoition normally occuring in suporionic aolids. 
Welch and Diene [65, 66] have suggested in a more general 
way two models by which the thermally generated defeote 
concentration modifies the free energy of the ionic 
crystal such that different orders of phase transition 
result. 
(b) Lattice gas theories of phase transition 
In ee^rlier theories, the firat and secoruJ kind 
Buperionic transitions and Q" versus 1/T behaviour were 
explained on the basis of the change in the number of cfiarge 
carriers due to ion interactions. If we have a large number 
of charge carriers as a result, of first order phase 
transition, the mobile ions can b« considercil as a 'lattice 
gas* hopping from one lattice point to another. These 
particles interact with each other and can modify the ion 
diffusion or transport activation energy [67]. Explaininij the 
migration here it is used the path prc»bability method. The 
earlier random walk approach failed because it requires the 
jump frequency of an atom to an adjacent site to be constant, 
independent uf location and time. But in the case of fast-ion 
conductors with highly disordered lattice, the number of 
vacancies are comparable with that of migrating cations and 
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hence jump frequency of ions will be influenoed groatly by 
their immediate surroundings. 
In another theory proposed by Mahan [68], the solid is 
represented as a network of sites at which the ions can sit. 
The number of available sites is greater- than the number of 
ions. It is assumed that there is a repulsive interaction 
between ntiarest neighbours. An ion polarizes the host 
crystal, and hopping must carry this polarizing cloud with 
it. The presence of appreciable disorder below the transition 
temperature (T^ , j ^^ ^ manifestation of the slow rise of the 
order parameter with decreasing temperature. That iw, both 
above and below the transition temperature there is 
substantial diaurdor, even though this temperature 
correspondc to an order-disorder transition suggested by 
Pardee and Mahan. From the structural studies Qeller [69] 
has also identified this transition as a disorder-disorder 
transi tion. 
1.5 ELECTRICAL CONDUCTIVITY OF IONIC SOLIDS 
Elect'-ical conductivity measurements were amongst the 
earliest physicochemlcal measurement that were made on 
solids. All ionic material have an electrical conductivity in 
the solid state due to the diffusive motion of the ions. In 
most such materials, this diffusion ia associated with the 
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motion of point defeote croated either by thermal excitation 
or by doping. The concentration of thermally fl«narated 
defects in most ionic materials is wxtremely low. But in 
superionic conductors the thermal disorder is too largo at 
high temperature that the conductivity attains liquid-like 
values [70-74] . 
Tubandt and co-workers were the first to verify the 
Faraday's law of electrolysis in ionic; solids [75]. It is a 
modification of Hittorf's experiment used to determine 
transport numbers of electrolyte solution. Their experimenta 
allowed transport numbers to be csvaluatwd and revealed a wide 
range of behaviour. The diffusion proneae can be eKpreeaed 
analytically by F-ick's law which states that the ni^ imber of 
atoms crossing a unit area per unit time, J, is proportional 
to the gradient of their concentration H, 
dN 
= - D 
dt 
where D is the diffusion coefficient. 
The diffusion is materialized in four different waya. Direct 
interchange between two atomi*, migratiot) of an interstitial 
atom, atomic displaceiment into a neighbouring vacahcy and 
diffusion of pai TQ of vacancies are that distinct procesa 
[76]. The sum of the energies of defect format.ion and 
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subsequent miyratlon is cnlled Lh«» activation energy of thaU 
process. The temperature dependence of the coefficient of 
diffusion is related to the activation et\ergy E by 
-E/kT D = D^  e^^t^' (1) 
where DQ is a constant for a crystal 
The ionic conductivity due to monovalent ions of one 
sign is given by 
D" ioric = e N r" ionic . . . , (2 ) 
where N is the number of ionic sites of one sign and |M is the 
mobility of ions. 
According to binstein, the mobility of these ions is 
n ionic = .... (3) 
kT 
Combining equations 2 and 3 and substituting equation 1 for 
D, the ionic conductivity is given by 
2 
e N 
D" ionic = 
kT 
Do e ' '^' (4) 
KT 
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Data analysis: 
The simplest first step In t ^)« analysis of the 
conductivity data is to determine the Arrhenlus energies fr<im 
the plot of log a~ versus 1/T, The slope of the curve gives 
directly the value of activation energy I-. The next stage is 
to attempt to relate these to the microscopic conduction 
process. 
The specific conductance of a subntanco is given l)y 
the relationship 
where n^ is the number of (conducting fip«oi«8 of tyf)M r per 
unit volume, q^ and p j. are charge and mobi M t y 
respectively. The value of n^ can be written down in terms 
of point defect equilibria. If the predominant point defects 
are Schottky pairs, that is, a cation vacancy 'CV and an 
anion vacancy ' av' the defect equilibrium can be de8cr1b€)d by 
the quasi-chemical expression. 
0 - CV f aV, 
where ' 0 ' i s the p e r f e c t l a t t i c e . A c a t i o n and an an ion 
vacancy can form a n e u t r a l vacancy p a i r ' V P ' and c a t i o n 
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vacancy can form a neutral compl«x 'CF»' by aaeociatlon wil.h a 
divalent cation impurity M . This can be described by the 
quasi-chemicnl expressions 
CV i aV = Vp 
2-f-
M « CV - CP 
respectively. 
The lew of mass action i:. an be applied to each 
expressions to yield the equilibrium constant in terms of the 
defect concentrations. It is poseible to solve the maes 
action equations using the constrains of charge and site 
balance and to write down an explicit expression for the 
concentration of any defect in terms of the thermodynamic 
parameters governing its formation and association with other 
defects [77]. 
Beaumount and Jacobs [78] suggested a computer Itxast-
square fitting method for conductivity data analysis. This 
method has be^ in used to determine the defect parameters in a 
wide range of simple ionic solids,inc!udJng the alkali 
h a 1 i d e s [79-81] A g C 1 and A g B r [82] ti n d the f 1 u t> r 11. w 
structured halides [83]. The quality of thu conductivity data 
and the fitting can be judged from thiit works; on Bil/er 
halides. Conductivity studies have proved to be rMther 
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complex in these systems. The i n t r i n s i c d i s o r d e r i s c » t i o n -
Frenkel pa i r s and the i n t e r s t i t i a l Ag*" Ions can d i f f u s e v i a 
two mechanism: the co l l i n e a r and non-coI 1inear i n t e r s t i t i a l c y 
m e c h a n i s m s . T h i s i n c r e a s e s t h e number o f a d j u s t a l ) l e 
parameters in the f i t t i n g to 11 compar.iHi w i t h 9 used in the 
s i m p l e s t model t o ana l yse the c;onduct..i v i t y o f t h e a l i < a l i 
h a l i d e c r y s t a l . 
C(5nduct i V i t y measurements a re tiua b t jo t m e t l i o d , o f 
o b t a i n i n g accu ra te d e f e c t p a r a m u t e r s i fi n t r o n g l y i o n i c 
m a t e r i a l s and s t u d y i n g t h e phase t r a n s i t i o n i n I h e s e 
m a t e r i a l s . In near f u t u r e the c o n d u c t i v i t y measurement's and 
ca lcu la t ionF . on more complex systems w i l l be very f r u i t f u l . 
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C H A P T E R 2 
ELECTRICAL CONDUCTIVITY AND PHASE TRANSITION 
STUDIES ON PURE AND DOPED Ag2Hgl4^ AND CUgHgl^ 
SYSTEM 
33 
2 . 1 INTRODUCTION 
The impor tance o f s o l i d s o l u t i o n o r m ixed c r y s t a l s o v e r 
i n d i v i d u a l c r y s t a l i s t h a t t h e i r p r o p e r t i e s s u c h a s 
c o n d u c t i v i t > , r e f l e c t i v i t y , d i e l e c t r i c c o n s t a n t e t c . a r e 
d i f f e r e n t f r o m t h e i n d i v i d u a l compounds and have f o u n d w ide 
a p p l i c a t i o n s i n i n d u s t r y . 
The p r e s e n t t r e n d i n s e a r c h i n g f o r s u p e r i o n i c 
c o n d u c t o r s f o r b a t t e r y m a t e r i a l and o t h e r d e v i c e s i s t w o - f o l d 
i n n a t u r e [ 1 - 4 ] . ( i ) t o f i n d new m a t e r i a l s s h o w i n g h i g h 
v a l u e s o f i o n i c c o n d u c t i v i t y I n t h e v i c i n i t y o f r o o m 
t e m p e r a t u r e , and ( i i ) t o use known i o n i c c o n d u c t o r s w i t h 
o t h e r m a t e r i a l s i n t h e f o r m o f m ixed syetems t o i n c r e a s e t h e 
c o n d u c t i o n e f f i c i e n c y . The l a t . t e r p r o c e d u r e a t t r a c t e d 
c o n s i d e r a b l e a t t e n t i o n i n r e c e n t y e a r s as i t n o t o n l y l o w e r s 
t h e s u p e r i o n i c phase t r a n s i t i o n t e m p e r a t u r e b u t a l s o g i v e s 
r e l a t i v e l y h i g h v a l u e s o f c o n d u c t i v i t y . One o f t h e b e s t k i n d 
o f such sys tems i s RbAg^ Ig , w h i c h i s a mixed s a l t o f Rb l and 
A g l [ 5 , 6 ] . T h i s m i x e d s y s t e m s h o w s v e r y h i g h i o n i c 
c o n d u c t i v i t y even belov/ room t e m p e r a t u r e . 
AggHg l^ i s a w e l l known s u p e r i o n i c c o n d u c t i n g m a t e r i a l 
f i r s t s t u d i e d by K e t e l a a r [ 7 ] . S i nce t h e o b s e r v a t i o n i n t h e 
1930 ' s o f a phase t r a n s i t i o n a t 50°C i n A g g H g l ^ , many 
i n v e s t i g a t i o n s h a v e b e e n r e p o r t e d on t h e e l e c t r i c a l 
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c o n d u c t i V •; t y [ 8 , 9 ] , t h e r m o e l e c t r i c power [ 1 0 ] , h e a t 
c a p a c i t y , X-ray d i f f r a c t i o n [11 ] and Raman s c a t t e r i n g [12 ] of 
t h i s s o l i d e l e c t r o l y t e . 
N e u b e r t e t a l . o b s e r v e d a d e c r e a s e i n e l e c t r i c a l 
c o n d u c t i v i t y of Ag2Hgl4 i n the B -mod i f l oa t i on upon c y c l i n g 
t o T > 50°C, and suggested t h i s i s due t o t h e g r o w t h o f 
c r y s t a l l i t e s and i n c r e a s i n g p e r f e c t i o n o f c r y s t a l l i t e s . 
Fur ther cursory examinat ion o f ( 3 -mod i f i ca t i on , c o n d u c t i v i t i e s 
as a f u n c t i o n of p ress ing pressure and p ress ing t ime show 
t h a t the CJ" -va lues were g rea te r the h igher the pressure and 
the longer the t ime samples are he ld a t top p ressu re . The 
anneal ing and press ing behaviour toge the r w i t h a s tudy o f 
d i e l e c t r i c p r o p e r t i e s , s u g g e s t e d t h a t t h e b u l k o f t h e 
specimen c o n s i s t o f r e l a t i v e l y l a r g e g r a i n s o f o r d e r e d 
c r y s t a l s . The g r a i n s c o n t a c t e d one a n o t h e r v i a p o i n t 
con tac ts of poor ly organ ized boundary m a t e r i a l . Where the 
g r a i n s were not i n con tac t t he re were non-conduct ing v o i d s . 
C o n t a c t n . a t e r i a l s , b e c a u s e o f i t s h i g h s t a t e o f 
d i s o r g a n i z a t i o n , and t h e r e f o r e low degree o f o r d e r , a r e 
presumed t o have a h i g h c o n d u c t i v i t y . T r a n s f o r m a t i o n o f 
d i so rde red m a t e r i a l s i n t o ordered m a t e r i a l by g r a i n growth 
du r i ng anneal ing together w i t h FJ concomitant decrease i n the 
number of con tac ts causes specimen c o n d u c t i v i t y t o decrease. 
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The frequency dependence of the conductivity of f<92^^^4 
observed by ShibaUa et al. [13] is similar to that found for 
CuCl [14] pellets and AgBr [16] crystals. The results were 
interpreted in terms of equivalent circuits compoeed of 
resistance and capacity contribution at the sample electrode 
interface. They were attempted to determine the transport 
number of the electronic component in Ag2HgI^ and the 
results inaicate that for the 0-phase the conductivity could 
have a smaller electronic contribution; 1-10% of the total 
conductivity. The values of electronic conductivity are much 
smaller than those reported by Weil and Lawson [16] and Webb 
[17], suggesting the Ag"*" ion is still the dominent charge 
carrier in the Q-phase AggHgl^ and the conductivity 
behaviour of the fl-phase is strongly sensitive to the sample 
preparation. 
Cn -AgjHgl^ is often classified as one of the 
superionic conductors with exceptionally high Ionic 
conductivity [18]. However, the activation energy for ionic 
motion for (X -phase are much larger than those of other 
superionic conductors such as Agl or B-AI2O3. It has been 
suggested that this was due to the fee arrangement of the I~ 
sublattice so that the Ag^ ion was forced to go through the 
high energy octahedral interstices in the transport process 
[5]. Therefore the free-ion model proposed by Rice ot al . 
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(18) Is inappropriate because of the mean free path fitted 
to the conductivity data is too long t,o be accepted. Atomic 
transport processes in CC Ag2Hgl4 may be interpreted in terms 
of the usual interstitial - jump mechanism. 
The microwave complex conductivity of Ag2HgI^ [19] 
indicated hopping is the basic transport mechanism In the 
ionic conducting CC-P^^ase. Activation energy for microwave 
conductivity were all found to be lower than that of the dc 
conductivity. These observations were in support of the 
earlier sugcestion attributing the high dc activation energy 
and prefactor to high potential barriers the Ag"*" ion must 
overcome in a long range transport so that hopping r«ther 
than free particle theory is appropriate. 
It was Ketelaar who noticed first, the ionic 
conductivity of Cu^Hgl^ [7,20]. It has been reported that 
Cu2HgI^ exhibited ionic conductivity ami it showed a phase 
transition from the low temperature phase with ordered 
tetragonal structure to the high temperature phase with 
disordered pseudocubic structure [8,21]. Studies conducted by 
Shibata ©t al , [13] showed the values of the conductivity 
were dependent on the applied frequency, but wore nearly 
constant in *:he low frequency region for the B-phaae and 
high frequency region for the CjC-phase. For B'-CU2'^9l^ the 
electronic conductivity is almost equal to the total 
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conductivity. But above 76*^ 0 at ambient pressure CUjjHgl^ 
transforms from an ordered electronic conductor into the OC -
phase which displaces mixed ionic and elect:.r(inic 
conductivi ty. 
From the far infrared transmission and reflection 
measurements l?.2] on Cu2HgI^ in both OC and 13 phases showed 
that the mobile ions Cu^ have a sol id-like motion compared to 
the liquid-like motion inCC-Agl. Hence the mobile motion can 
be described by damped simple harmonic oscillators. The 
mobile ions move from one tetrahedral site to another 
equivalent tetrahedral site and they occupy an interstitial 
octahedral site during their conduction process. This sort of 
conduction mechanism is in good accord with the Wiedersich 
and Geller [5] model for these materials. 
Thus it appears that, even though a good understanding 
of the mechanism of ionic transport in pure Ag^Hgl^ and 
CugHgl^ has been achieved, the behaviour of these compounds 
with guest ions in their lattice is not yet clear. Therefor© 
we planed to undertake a detailed investigation in the doped 
Ag2HgI^ and Cu2HgI^. The study in the doped 6yst«>m is 
motivated by the fact that many other systems like AggSO^ 
[23] have shown higher conductivity on doping with lighter 
ions. The phase transition temperature in some compouri(ifi_,liave 
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been found to change with the dopant size and dopant 
concentration. In the pre 
and Na"*" as the guest ions, 
sent study, we have chosen Cd^ "*", K"*" 
2.2 CRYSTAL STRUCTURE 
Structure of Ag2Hgl4 and Cuj^ Hgl^ ^ based on X-ray powder 
diffraction pattern were proposed by K»te1aar [24] and Hahn 
[21]. Later Kasper and Browell employed single crystal X-ray 
crystallography to obtain refined structures for the alpha 
(disordered) [25] and beta (ordered) [26] phases of Ag^Hgl^. 
The structure of high temperature CX -phase and low 
temperature 0-phases of Ag2Hgl4 and Cu2Hgl4 are shown in Fig. 
2.1. In the Q-phases the iodides form a face-centered uubic 
lattice with the two silver or copper ions and one mercury 
ion occupying three of the four available tetrahedral sites, 
leaving one quarter of the tetrahedral sites empty. The two 
salts differ in the relative position of the cations and the 
empty sites. The primitive Wigner-Seitir cell of the copper 
compound shows higher aymmetry (Dpd) than that of the fi liver 
salt (S^). The lattice parameters of Ag2Hgl4 are a=6.3A" and 
0=12.6A° at room temperature. But above 52°C, Ag2Hgl4 
transforms from the yellow Q-phase to the brick-red (X 
phase with the three cations randomly distributed among the 
four tetrahedral sites provided by the fee sublattice of the 
T~ ion. Above the phase transition, in ^ the CUjHgl^, the 
39 
00 
re 
eg 
o 
13 
C 
•30 
og 
00 
< 
0) 
w 
CO 
a 
x> 
c 
en 
0) 
CO 
(0 
I 
(S. 
0) 
4.) 
14-1 
o 
a» 
u 
iJ 
o 
o 
u 
CO 
CI 
CO 
40 
cations disorder to partially occupy all of the tetrahedral 
sites and the two compounds become isostructural. 
2.3 EXPERIMENTAL DETAILS 
(a) Preparation of AggHgl^ 
Although Ag2Hgl4 is known t(j be formed in solid state 
by the interaction of Agl and Hgl2, this method was not 
followed for its preparation. It was prepared by simultaneous 
precipitation from solution contairHng stoichiometric amounts 
of reactants. This method yielded more satisfactory results 
than solid state product. Ag2HgIjj was precipitated slowly, 
and with vigorous stirring, from 0.5M K2HgI^ solution by 
addition of the stoichiometric amount of 1M AgNOg solution 
[28]. Analar Grade chemicals (KI, Hgig and AgN03) were used. 
The precipicated powder was washed 10-15 times by 
decantation, filtered and dried ovar P205- The preparation 
was carried out in diffuse light using brown bottles, but 
otherwise no ext.raordinury precautions were taken to avoid 
photochemical effects. X-ray diffraction studies showed 
typical diffraction pattern of the Ag2HgI^, and the d values 
match well with the ASTM powder diffraction file. 
(b) Preparation of Cu2Hgl4 
Cu2Hgl4 was prepared by simultaneous precipitation 
from solutions containing stoichiometric amounts of 
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reactants. Aqueous solutions containing mixtures of CuNO^ 
(BDH, Anala: Grade) with totfil metai \ai\ concentration tibout 
0 . 4M was acded to boiling solution of aijp r ox i mate 1 y 0.1M 
KpHgl^ which was earlier prepared by mixing stoichiometric 
solutions of Hg(N03)2 and KI in sufficient quantity to remove 
the iodine formed [29] and to decrease the loss of material 
remaining in solution. If this was not done, results were 
found to be poor, th«:> product consisting largely of Cul 
rather than Cu,,HgI^. 
Cu2Hgl4 obtained as dark red maos was filtered and 
washed with KI solution and double distilled water, dried 
thereby over porous plate in a thermostat at about 100*^ C X-
ray diffraction studies showed it to be low temperature 
single phase Q-CugHgl^. The calculated d values matched well 
with the ASTM powder diffraction file [30] and the 
intensities also matched well. 
The doped compounds (Cd^ "*", K*", Na*") were prepared by 
heating at 200°C for 24 hrs the requisite dopant composition, 
previously ground manually in a mortar, of the respective 
iodomercurates in a silica crucible 
(c) Conductivity measurement 
In order to measure specific conductivity as a function 
of temperature, the sample powders were pressed into pellets 
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of 2.5 cm diameter and .1 cm thickness at a pressure of about 
2 tons [31], with the help of Spectra Lab press (Model SL-
89). Pellets were found to be of the same colours as the 
original powders. However, higher presaures were found to 
cause uneven darkening in the pellets and lead to hiyher 
transition temperatures. Before making measurements, samples 
were cycled to above and below the transition temperature two 
or three times in order to relieve strains and improve their 
homogenei ty. 
It was then placed between two discs of platinum foil. 
Adequate electrical contact between the platinum and the 
pellets was ensured by placing the pellets and the platinum 
discs betwoen two copper plates, to which leads were 
attached, held tightly together by placing a fixed weight. 
This assembly was then placed inside a thermostat . The 
temperature was brought to each desired level and kept there 
for about 15 minutes to ensure that equilibrium had been 
reached. A Gen Rad 1669 RLC Digi Bridge with the fre(|U«ncy 
range 100 Hz - 10 kHz was employed for measuring 
conductivity. Possible impedence contribution from external 
connection cables and pellet mounting devices were corrected 
by using its built in 'short' and 'open' calibration 
facility. DeterminationB of conductivity were made over the 
range 25 to 200'-'c. PosBible volume expansion of the pellets 
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was not monitored and the thickness measurements of the 
pellets were per forrnwd after I.ho ainteriny, 
2,4. RESULTS AND DISCUSSIONS 
(a) Electrical conductivity studies of Ag^Hgl^ - CugHgl^ Bolid 
Solutions 
The curveij for the specific conductivity as a function 
of increasing temperature for pure Agj,HgI^, 50:50 molSi 
Ag2Hgl4: Cu2f.gl4 , 33:67 molX AggHgl^: CU2iigl^, 67:33 molX 
Ag^Hgl^: Cu2tlgl4 along with pure Cu2Hgl4 are presented in 
Fig, 2,2 The usual log ( o~ T) versus 1/T system of 
coordinates were used to present the data. The conductivity 
values found for AggHgl^ were very near to those reported by 
the earlier workers [8,9] conductivity values show a 
remarkable change at 52*''c, the phase transition temperature 
of AggHgl^. The conductivity plot for CUgHgl^ shows a change 
in slope at the transition temperature (67°C) which indicate 
an increase in ionic conductivity lat that point. Howev«r, 
the activation energy for the Q-phaae is lower than that of 
theCC-phase. The lower activation energy value is due to the 
presence of electronic conductivity which would contribute a 
higher percentage of the current to the 0-phase than to the 
CC-phase. 
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The frequ«ncy dep»nd«nc« of conductivity of Cu2Hgl4 is 
shown in Fig: 2.3. Conductivities of G-phase increases with 
frequency so that inferences to their transport mechanism 
must be made together with consideration of their temperature 
dependence. As the temperature increastjs the variation in 
conductivity becomes less and above the phase transition, 
conductivity is almost independent of frequency. 
From Fig.2.2 it may be seen that the conductivity 
values for the solid solutions are intermediate between those 
for the parent compounds, and that all exhibit sharp rises in 
conductivity at characteristic transition points after 
preliminary increase starting several degrees lower. The 
curves as plotted are not to be considered absolute, but 
rather average values, since somewhat varying results were 
obtained depending upon the history of the sample and the 
pellet. Such factors a pressure and heat treatment were 
especially found to affect the levels of the curves both 
above and below the transition points, but their 
slopes were not affected. 
The phase transition temperatures of the pure and 
various solid solutions of Ag2Hgl4 and Cu^^^glj^ are given in 
table 2.1 .The transition temperatures of the solid solutions 
are also intermediate between those of the parent compounds. 
-4 
46 
-5 
Q 
-7 
Q-
/ 
. / 
- S - -^
/ / 
/ 
/ / 
- ^ 
A^ 
/ / 
•8 
2,0 
30 0 
3.0 , 
log(t) I 
+ - 63 G - ^ 69 0 137 C 
Fig, 2,3:Frequency dependence of the 
eiectricei conductivity of CugHgi,, 
47 
Compounds Temperature 
region 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
Activation 
energy (KJ/mol) 
27.35 
63.824 
25.33 
91 .91 
31 .91 
65. 10 
27.36 
59.57 
65.65 
51 .05 
Pure Ag2HgI^ 
Pure CUgHgl^ 
50 mol56 Ag^Hgl^ 
33 mol % AQpHgl^ 
68 mol % Ag2HgI^ 
A, Pre-transition ; B, Post-transition 
Table 2.1: Ionic conductivity activation energy values of 
Ag2Hgl4 - Cu2Hgl4 Solid solu tions 
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but in the case of 66 molx AggHgl^ considerable decreaae in 
To was observed. It undergoes a phase transition at 33°C much 
lower than that for parent compounds. The activation energy 
for ionic motion in the (X -phase also shows a decrease in 
the 66 molX AggHgl^, but the P-phase activation energy is 
slightly larger than that for the parent compounds. The 
electronic current carriers might be expected to be of less 
importance in the 66 mol5K AggHgl^ with its highly mobile 
silver ions and, therefore, the 0-phase activation energy is 
higher than that for theCX^-phase. 
(b) Electrical conductivity studies of Cd^* dopped 66 molX 
AggHgl^ 
The temperature-dependent conductivity of 7 molIK Cd*^  
doped 66 mol^ K AggHgl^ is presented in Fig.2.2 Cd*^ "^  «ample 
posses a higher conductivity than its undoped counterpart, 
the undoped sample conductivity is lower than that for the 
pure Ag2HgI^. Cd' was chosen as the dopant with the 
expectation tnat each would preferentially replace Cu"*" in the 
lattice because the Cd^"*" and Cu"*" ions are having almost 
equal size [32] ( r^^^^ = 0.96 A° , r^^* = 0.97A°). Since 
the Ag"*" is having a larger size than Cd^^, •'Ag* = 1.26A°, 
it can't be .-eplaced by Cd'^'*'. The presence of Cd^ "*" an Cu^ 
sites in the lattice would generate Cu^ vacancies in 
accordance with the electroneutrality requirement. Vacancies 
49 
would permit greater facility of Cu"*" ion mobility and 
therefore enhance the ionic conductivity. 
The activation energy values for ionic conductivity are 
tabulated in table ?.2. The constant activation energy value, 
60 + 3 kJ/ mol, for AggHgl^ and Cd^ "*" doped samples in the 
post-transition region suggest a common ionic conductivity 
mechanism. But the activation energy value for doped sample 
in the pre-transition region shows an increasing tr«nd. 
However, tho higher conductivity of the doped sample must be 
originate with the higher number of mobile charge carriers. 
That is, the kinetic mechanism remains same but the 
concentration factor, n, is increased by Cd presence. 
(c) Electrical conductivity studies of K"* doped AggHgl^ 
Plots of log (CTT) versus 1/T for doped Ag2HgI^ are 
presented in Fig. 2.4. Similar plot is given for untreated 
Ag2Hgl4 for comparison purposes. f<g2^^^4 doped with 5 molx 
and 10 mol* Kj,Hgl4, not shown in Fig. 2.4, exhibited the 
same G~-T behaviour as the 7 molX doped sample. Similarcr-T 
behaviour for the 5 mol% 7 mol% and 10 mix, K"*" in Ag2Hgl4 
suggests a saturation point of K"*" in the lattice. It can be 
observed that the K doped sample undergoes a phase 
transition at about 60*^ C accompanied by a change of 
electrical conductivity phase transition temperature of the 
doped sample is intermediate between those of the parent 
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compounds. It possesses a higher conductivity prior to the 
phase transition than the pure AggHgl^ and KjHgl^. The 
enhanced conductivity of doped sample is because of the 
lattice expansion due to the K"*" ion in the host lattice. K 
ion is having slightly larger radius than that of Ag*^  ion 
ir^'*' - 1.3.3 A° r^ •*" = 1.26A°). The introduction of this 
larger cation in the AggHgl^ lattice leads to the expansion 
of the lattice. The lattice expansion facilitates higher 
mobility of ions and hence, higher conductivity. 
Another important feature observed in Fig. 2.4 is the 
erratic conductivity behaviour of the doped AggHgl^ in the 
post-transition region. After pha^e transition conductivity 
rises smoothly upto 135°C, but above that 1t shows a 
decreasing trend. The drop in conductivity is due to the 
collapse of the iodide framework. The incorporation of K"*" ion 
causes the destruction of the sublattice. Such type of 
decrease in conductivity versus temperature has been 
reported for NagSO^ [33] and K2S0^ [34]. 
The activation energy values for the ionic 
conductivity, Ea, in the pro-tranaition and post tranuition 
regions are tabulated in table 2.2. The constant activation 
energy values in the post transition region indicate a common 
conductivity mechanism. 
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Compounds 
K"*" doped AggHgl^ 
Na'* doped A^2^9^4 
Cd^ "*" doped 66% AggHgl^ 
Pure AgjHgl^ 
Temperature 
region 
A 
B 
A 
B 
A 
B 
A 
B 
Activation 
energy (KJ/mol) 
22,97 
25.529 
172.32 
31 .912 
153.11 
57.44 
27.35 
63.824 
A, Pre-transition ; B, Post-transition 
Table 2.2: Ionic conductivity activation energy values^ of 
doped Ag2HgI^ 
53 
(d) Electrical Conductivity studies of Na* doped Ag2 Hgl^ 
Since AgpHgl. exhibited high cationic conductivity 
in the high temperature phase [18], the prospect of higher 
cationic conductivity with smaller radius and lower mass Na , 
r^ g"*" = 0.96A° versus ""AQ^ ~ ,1.26A°, in the AggHgl^ 
structure prompted us to probe the nature of the solid -
solid phase transition in Na"^  doped Ag2Hgl4 Fig. 2.4 shows 
the temperature dependence of the electrical conductivity, 
, of 15* Na"*" doped Ag2Hgl4 sample. The enhanced 
conductivity as pre dieted for Na^ incorporated in AggHgl^ 
structure is observed. The activation energy values of pure 
and doped Ag^Hgl^ in the post-transition region suggest, the 
major charge carrier in the doped sample to be Na^ ions. The 
smaller size of Na"*" ions than Ag"*" ions would permit 
greater facility of Na"^  mobility and therefore enhance the 
ionic conductivity. 
The CT" T data reported in this study show that doped 
sample exhibit very high Na"*" ion conductivity in the high 
temperature phase analogous to the system of compounds 
Na3Zr2Si2PO^ referred to as NASICON [35]. The proposed model 
of highly mobil Na"*" ion in a fixed Hgl^^~ sublattice in 
(Ag, Na)2Hgl4 compounds parallels the accepted model of 
highly mobile Ag"*" ion in a fixed network of I" in Agl 
compounds [36]. 
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Another important feature observed in Fig. 2.4 is the 
existence of different regions in the post-transition data. 
Above the phase transition conductivity data show clearly two 
different re>3ions. The increase of the slope from region I to 
region II occurs at about 140°C. 
Usually the slope of the graph log ( CJ"T) versus 1/T 
gives directly the value of the activation energy, Ea. This 
is not true if Ea depends on temperature or if the conduction 
mechanism involves different reaction. Here in the region 
II, the activation energy is increasing with increasing 
temperature. The discontinuities in the evolution of the 
activation energy above the phase transition can be related 
to an extra enhancement of the I" ion orientational 
disorder. 
2.5 CONCLUSION 
The studies on the phase transitions of AggHgl^ and 
Cu2HgI^ reveal that the 66 molX AggHgl^ undergoes a phase 
transition at muc;h lower temperature than the parent 
compounds. The incorporation of Cd^* ion in 66 mol % Ag2HgI^ 
lattice shows a remarkable increase in conductivity due to 
the generation of vacancies in the host lattice. In K"*" doped 
AggHgl^ syste;n, the destruction of the I" sublattice take 
place when heated at above 135°C. The lattice destruction 
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would effect a lower mobility of Ag"*" ion, thus a decrease in 
conductivity. The Na"*" doped samples exhibit very high Na"*" ion 
conductivity in the high temperature phase. The Na ions are 
highly mobile due to the smaller aize compared to Ag"* lonn. 
And above 140°C the conductivity shows further increase due 
to the anion disorder. 
The picture that emerges from the above discussions 
is that a closely related structure of a relatively open 
periodic I" ion polyhedra exist in the high temperature 
phase. The open l" framework facilitates the motion of the 
mobile cationa contributing to th« fast-ion or super ionic 
conductivity in these systems. The superionic conductivity 
can be affected by contraction or expansion of the 
sublattice, within the structural limits, effected by the 
guest cations of different ionic radii relative to the host 
cation and/ or by the presence of vacancies on cation lattice 
sites. This analyues further suggests that the presence of 
guest anion of different ionic radii and charge, eg WO^ 
TeO^^", Cd 1^~^ etc. in the Hgl^^" sublattice would effect 
similar or parallel behaviour. 
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